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PREFACE 


The earth-current investigations of the Department 
of Terrestrial Magnetism were begun in 1918. After 
considerable experimentation in electrode performance, 
measuring systems for continuous registration were de- 
signed, and the first installation was made at Watheroo 
Magnetic Observatory in 1923. The second installation 
was made at Huancayo Magnetic Observatory in 1926, 
and the third was made at Tucson Magnetic Observatory 
of the United States Coast and Geodetic Survey in 1931. 

The Tucson earth-current project was initiated after 
expressions of interest in work of this type on the part of 
the Bell Telephone Laboratories and indications of their 
desire to participate actively in a program of observa- 
tion by making available the necessary telephone lines. 
A survey of available lines in suitable localities led to 
the choice of facilities at Tucson, Arizona, as being the 
most satisfactory, and negotiations were entered into 
with officials of the United States Coast and Geodetic 
Survey in order to secure space for recording equipment 
and technical assistance for the program of observation 
at the Tucson Magnetic Observatory. The fullest co- 
operation was received at all times during the nearly 12 
years of work from May, 1931, to February, 1943, from 
members of the staff of the Observatory and from per- 
sonnel of the Mountain States Telephone and Telegraph 
Company of the Bell System, making the project a most 
satisfactory co-operative endeavor in all respects. 

Earth-current data are comparatively scarce in the 
literature, particularly where detailed results are con- 
cerned. .Most of the results reported for these and other 
stations have consisted chiefly of summaries, average 
values, and the like. Practically the only exception has 
been the investigation at Ebro, Spain, for which station 
the individual hourly values of potential were published 
in the Monthly Bulletins of the Ebro Observatory from 
1910 to 1938. 

As part of the current publication program of the 
Carnegie Institution of Washington, it was decided to 


iii 


augment the amount of basic data available for study and 
analysis of earth currents by presenting individual hour- 
ly values for the two stations of the Department of Ter- 
restrial Magnetism and the co-operative station at 
Tucson for the period for which the records were con- 
current. This period fortunately is just about equal to a 
normal sunspot cycle, a fact which has made possible 
various interesting correlations with related phenomena. 

The present volume contains the basic data from the 
Tucson installation for the 11 complete years of the sys- 
tem’s operation, 1932 to 1942, together with summaries 
of the results designed to show the main features of the 
salient variations in earth-current flow and references 
to detailed papers on specific phases of the work. 

The author wishes to acknowledge indebtedness to Dr. 
J. A. Fleming, Director of the Department of Terrestrial 
Magnetism until June 30, 1946, and O. H. Gish, Assistant 
Director; to Captain N. H. Heck, former Chief of the 
Division of Terrestrial Magnetism of the United States 
Coast and Geodetic Survey; and to G. C. Southworth and 
Lloyd Espenscheid, of the Bell Telephone Laboratories, 
whose co-operative efforts were effective in initiating 
and sustaining the project. 

Acknowledgment is also due to five successive Ob- 
servers-in-Charge of the Tucson Magnetic Observatory, 
A. K. Ludy, J. W. Joyce, John Hershberger, 8. F. White, 
and J. H. Nelson, for the very satisfactory operation of 
the recording equipment; to the personnel of the mainten- 
ance division of the Mountain States Telephone and Tele- 
graph Company for the efficient line performance through- 
out the years of operation; and finally to M. H. Walburn 
of the Carnegie Institution’s Publications Division for 
editing and arranging the material, and to W. C. Hendrix 
of the Department of Terrestrial Magnetism for the 
graphs and illustrations which supplement it. 


W.J. Rooney, 
Department of Terrestrial Magnetism 
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EARTH-CURRENT RESULTS AT TUCSON MAGNETIC OBSERVATORY, 
1932-1942 


INTRODUCTION 


In March, 1931, the continuous registration of earth- 
current potentials at the Tucson Magnetic Observatory 
was undertaken as a co-operative project of the United 
States Coast and Geodetic Survey, the Bell Telephone 
Company, and the Department of Terrestrial Magnetism 
of the Carnegie Institution of Washington. Early in 1943, 
because of the necessity for commercial use of the tele- 
phone lines devoted to the measurements, the Bell Tele- 
phone Company was obliged to withdraw its support of 
the project, and recording was discontinued at the end of 
February of that year. The period of operation, a little 
over eleven and one-half years, covered a full and typi- 


DETAILS OF SITE 


Registration of earth-current potentials at Tucson 
was made on two lines, one from Tucson to Mammoth, a 
little under 60 km distant and a little east of north from 
Tucson, and the other from Tucson to Wilcox, whichis a 
little over 90 km away in a nearly due east direction. 
Pertinent data on the site, lines, and instruments follow. 

The measuring instruments, located in the atmos- 
pheric-electric building of the Tucson Magnetic Observ- 
atory (United States Coast and Geodetic Survey), con- 
sisted of two Leeds and Northrup portable ‘‘lamp-and- 
scale’’galvanometers used with a single-filament lamp 
and a drum recorder. The galvanometer elements car- 
ried spherical mirrors with a focal length of one meter. 
The only optical equipment in addition to the spherical 
mirrors was a single cylindrical lens behind the record- 
er slit to bring the light beam to a spot focus on the re- 
cording paper. The current sensitivity of the galvanom- 
eters, about 2.5x 10-9 amperes per millimeter deflection 
on the drum, was much higher than necessary in view of 
the long lines used. This permitted the use of high re- 
sistances (1.5 megohms) in series with the galvanome- 
ters so that the total resistances of the measuring cir- 
cuits were not appreciably affected by minor variations 
in line resistances or in the contact resistances at the 
electrodes. The entire resistance of the external circuit 
was less than 1,000 ohms for either line and thus could vary 
by an order of magnitude without affecting the records. 

The simple circuit used in the measurements is 
shown in Figure 1. Each galvanometer, it will be seen, 
was permanently shunted by Resistance Rg which totaled 
22,000 ohms, the critical damping resistance of the gal- 
vanometer. The galvanometer and its shunt were con- 
nected to the electrodes through the series resistance 
Rp (1.5 megohms). The sensitivity of the unit was read- 
ily adjustable over a wide range by shifting the connec- 
tions designated a, b, and c, which varied the percent- 
age of the total current passing through the galvanome- 
ter without appreciably changing its damping. Direct 
calibration at any sensitivity was made by substituting 
known electromotive forces for the earth-current po- 
tentials by means of the double-pole, double-throw 
switch and a standard potentiometer. A clock-controlled 
switch which opened the circuits once each hour, for the 
double purpose of providing a time mark and a check on 
the galvanometer zero-position, completed the equipment. 


cal sunspot cycle, a fact which has enhanced the value of 
the records for purposes of correlation with allied phe- 
nomena. Final reduction of the records has been com- 
pleted, and the data have been compiled in convenient 
form. A summary of the mean values for the 11 com- 
plete years of the system’s operation, together with a 
tabulation of the mean values for each hour of this same 
period in which a satisfactory record was obtained, is 
presented here to show the general variations with sea- 
son and with solar activity and to make the records 
available for use in other geophysical investigations. 


AND APPARATUS 


Connection between the recording apparatus and the 
electrodes was made over telephone lines of the Moun- 
tain State Telephone and Telegraph Company through the 
Tucson Exchange. The lines were all of overhead open- 
wire type except for a mile or two in the city of Tucson 
where underground cables were used. 

The electrodes used were web-shaped grids of lead 
wire. The common electrode (O), located on the grounds 
of the Tucson Magnetic Observatory, was built up of five 
concentric circular loops of the wire, with eight approx- 
imately radial arms connecting the loops and meeting at 
the center of the grid to form a core to which the con- 
nection to the line was made. The outside diameter of 
the grid was about 6 meters, and it was set at a depth of 
about 1.8 meters. Similar but smaller grid electrodes 
set in rectangular trenches about 6 square meters in 
area and between 1 and 1.5 meters deep were used at 
Mammoth (M) and Wilcox (W). 

The Tucson Magnetic Observatory, the central point 
of the installation, is situated near the east side of the 
broad valley of the Santa Cruz River, some 10 miles 
from the center of the city of Tucson, in latitude 32° 15’ 
north, longitude 110° 51’ west, at an elevation of 770 me- 
ters above sea level. The elevation at Mammoth is ap- 
proximately 720 meters; Wilcox lies to the east toward 
the continental divide at an elevation of 1,275 meters. 
Between Tucson and Mammoth are the Santa Catalina 
Mountains, the highest peak of which, Mount Lemon, rises 
to 2,800 meters. The region between Tucson and Wilcox 
is also generally mountainous with the Rincon and Tanque 
Verde ranges lying not far off a direct line between the 
two points. 

No important changes in equipment or in arrangement 
of lines were made during the entire period of operation, 
with the exception of a slight shift in the location of the 
Northernmost electrode (M) at Mammoth at the end of 
July, 1936. For this reason, the data secured are notably 
homogeneous and suitable for analysis. 

Prior to the change in location of electrode (M) in 
July, 1936, the length of line OM, hereinafter referred to 
as the Northerly line, was 56.8 km and its direction north 
19°.5 east. From August, 1936, its length was 58.4 km 
and its direction 17°.8 east. For the entire period, 1931 
to 1943, the length of line OW was 93.9 km, and its di- 
rection was east 0°.5 north. 
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2 EARTH-CURRENT RESULTS AT TUCSON MAGNETIC OBSERVATORY, 1932-1942 


REDUCTION 


In reducing the records, the Eastward component is 
obtained with sufficient accuracy directly from the rec- 
ords on line OW which departs from a true west-east 
line by only a scant half degree. The true Northward 
component, as distinct from the Northerly component 
recorded on line OM, is calculated from the combined 
records on the two lines using the formula 


_N’ cos a - E’ cos a9 


N 
sin (a9 -@4) 


where N = true northward gradient; N’ = gradient re- 
corded on northerly line, OM; E’ = gradient recorded on 
easterly line, OW; a, = angle between OW and a true 
west-east line, i.e., 0.5 (measured counterclockwise); and 
a9 =angle between OM andthe same west-east line, viz., 
70°.5 prior to August, 1936, and 72°.2 after that date. 

Substituting these values in our equation, we have for 
records upto July 31, 1936, N =1.064 OM - 0.356 OW; and for 
records after August 1, 1936, N =1.0540M - 0.323 OW. 

The recorder was calibrated once a week by means 
of potentials applied from a Leeds and Northrup potenti- 
ometer. To eliminate one step in the reduction of the 
records, the calibration data were worked up in terms 
of potential gradient rather than in units of potential. 
The unit most generally used in reporting on earth cur- 
rents is “‘millivolts per kilometer.’’ To avoid the use of 
decimal points in the tabulation of basic data, such as 
hourly mean values, monthly means, etc., a unit one- 
one-hundredth as great has been used, i.e., ‘hundredths 
of millivolts per kilometer.’’ In the graphs and discus- 
sion, however, the more usual unit has been used through- 
out. Monthly tabulations of hourly mean values of poten- 
tial gradient for both Northerly and Eastward components 
for the period 1932 to 1942 appearin Tables 55 to 318. 

To determine the actual potential differences between 
electrodes, the values shown in the tables must be mul- 
tiplied by the length of the line which is given in the table 
heading. For instance, a value of 100 in one of the tables 
for the Eastward component indicates a potential differ - 
ence between electrodes ‘‘O”’ and ‘‘W’’ of 939 hundredths 
of a millivolt, i.e., 9.39 millivolts or 0.00939 volts. 

The signs of the gradient as reported are in agree- 
ment with the convention that flow of current toward the 
north or east is positive and flow toward the south or 
west, negative. In other words, a plus sign indicates that 
electrode ‘‘O”’ was positive with reference to electrode 
“‘M’”’ or ‘‘W’’ as the case may be. 

Blank spaces in the tables indicate missing record 
for all or part of the hour involved. Occasionally miss- 
ing record was the result of faulty operation of the re- 
cording equipment, but most of it was due to off-scale 
deflections during disturbances. For this reason the 


DISCUSSION 


General Considerations.--It has been pointed out re- 
peatedly that the absolute values of potential recorded on 
any earthed lines include not only potential differences 
due to earth-current flow but also potentials which de- 
pend on electrochemical activity at the electrodes! ,2 
and do not indicate any actual current flow. On short 
lines, the electrochemical potentials are usually predom- 


OF RECORDS 


records secured near the sunspot maximum are the least 
comprehensive. No attempt has been made to differenti- 
ate between the two types of missing record in the tables. 

Calibration data and periodic line tests indicated that 
the accuracy of registration was quite uniform over the en- 
tire period of operation and all recorded values are believed 
to be equally suitable for study and analysis with the ex- 
ception of those for the periods September, 1935, August 
to October, 1939, and nine days in November, 1940. 

The records for the month of September, 1935, are 
suspect because the diurnal variation, or any other var- 
iation, as determined from them is almost exactly alike 
for both Northerly and Eastward lines and resembles 
those typical for the Eastward line on equinoctial months. 
It is believed that both of the lines from electrode ‘‘O”’ 
at the Observatory must have been inadvertently con- 
nected to the Wilcox electrode ‘‘W’’ during this period. 
This could have happened at the switchboard in the 
Tucson Telephone Exchange, but that it did happen could 
not be determined definitely. The data are consequently 
presented as reported by the Observatory. The differ - 
ences introduced into the mean annual or over-all mean 
values when the data for September, 1935, are included 
are so small that they can be neglected. However, in 
any specific investigation involving that individual month, 
they should be regarded as of doubtful value. 

The records for the three-month period August, Sep- 
tember, and October, 1939, are also in the doubtfu! cate- 
gory. When the records as received from the Observa- 
tory were reduced, the result was an unusual set of hod- 
ograms showing variations not paralleled in the magnet- 
ic records and unlike those for the same months in other 
years. Examination of the data showed that the results 
would be quite normal if it were assumed that the two 
lines had been interchanged either at the Tucson Ex- 
change or at the Observatory. Again, it could not be de- 
termined whether this actually happened. In this case, 
the evidence from the records is so conclusive that the final 
reduction was made on the basis that the interchange did 
occur and that the line marked ‘“OM”’ was recording the 
Eastward potentials and the line ‘‘OW’’ the Northerly ones. 

In November, 1940, during the periods from Novem- 
ber 7 to 9 and from November 17 to 22, erratic values 
were recorded on both lines, and there was definite evi- 
dence that extraneous potentials were being picked up, 
probably because of leakage from a circuit of higher volt- 
age. The values recorded during these periods are shown 
in the tables for the month but have not been included in 
the monthly means nor used in any of the analyses. 

In determining monthly and annual means, the records 
for all complete days were used. Partial-day records 
were neglected because they tended to distort the diurnal- 
variation curves, particularly since most of the loss of 
record occurred during disturbances. 


OF RESULTS 


inant and may be as much as a hundred times as great as 
those due to earth-current flow.3 Since these electrode 
potentials are independent of the distance between elec- 
trodes, their importance decreases as the length of line 
is increased. At Tucson, for instance, the daily mean 
values which represent chiefly electrode potentials and 
whose changes from day to day indicate mostly slow 
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variations in them were found to be usually only a few 
per cent of the maximum and minimum values recorded 
during any day. Nevertheless, too much attention should 
not be given to the daily mean values even at Tucson, or 
to the mean hourly values themselves, but rather to the 
differences between the individual values and the means 
of periods of a month or longer. For this reason also, 
the study of earth currents must be restricted largely to 
analyses of the variations in the recorded potentials. 
Hence while the basic data are comviled in a large group 
of tables in this volume in the form of mean values for 
each hour and each day, the discussion of the results will 
deal only with variations from monthly and yearly means. 

Detailed descriptions of the irregular and aperiodic 
fluctuations which characterize disturbances and mag- 
netic and earth-current storms are too voluminous for 
publication en masse, and such types of variation cannot 
readily be summarized. In fact, for studies of disturb- 
ances, even hourly mean values are rather meaningless, 
and data suitable for such studies could hardly be pre- 
sented except by reproducing the actual grams obtained 
from the recorder. Therefore the data presented here 
are those which are of importance in connection with the 
more regular periodic variations corresponding to time 
of day, season of the year, or to longer periods such as 
the sunspot cycle. 

The variation most susceptible to analyses and to 
statistical treatment in general is the solar diurnal var- 
iation. Probably no better indication of the normal ac- 
tivity of earth-current flow can be secured. In the sec- 
tions which follow, the diurnal variation and its changes, 
modifications, and relation to allied phenomena will be 
the basis for most of the discussion. 

The Solar Diurnal Variation.--The salient features of 
earth-current flow at Tucson as shown in the diurnal- 
variation records are summarized in the first 10 tables 
and in Figures 2 to 10. In this summary and in the year- 
ly means shown in Tables 11 to 54, the results are given 
in terms of the Northward and Eastward components in- 
stead of the Northerly and Eastward components as re- 
corded. 

Figure 2 shows the over-all mean curves of diurnal 
variation for the complete sunspot cycle from 1932 to 
1942. The solid curves are for all days on which com- 
plete records were obtained (some 3,300 in number), and 
the dotted curves are for the 10 least disturbed days or 
the 10 calmest days in each month and so include the data 
from 1,320 days. (The terms ‘10 least disturbed days’”’ 
and ‘‘10 calmest days”’ are identical in meaning and will 
be used interchangeably or sometimes abbreviated to 
‘calm days’’ in the text and tables.) 

It is found at Tucson, as elsewhere,! that a definite 
and consistent difference exists between the diurnal var - 
iation on calm and that on disturbed days; but as will be 
seen by reference to Figure 2 the difference is small, 
and for general considerations it is immaterial whether 
all days or only calm days are considered. 

These mean curves, which, as will be seen later, are 
fairly typical for equinoctial periods, are quite normal 
for a middle latitude station. The chief features of such 
a station are a large flow of current toward the equator 
near noon; two maxima in flow away from the equator, 
one in the forenoon and the other in the afternoon; and a 
definite double rotation of the current vector which is 
large during daylight hours and small at night. This last 
feature is shown better by the hodograms in Figure 3. 
The hodograms are formed by joining points which mark 
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the successive positions of the ends of vectors defining 
the magnitude and direction of the potential gradient, 

and hence of current flow, for each hour of the day. It 
will also be noted that the principal axis of the hodo- 
grams is along a line the direction of which is veryclose 
to that of the magnetic meridian at Tucson where the dec- 
lination was slightly under 14° east during this 11-year 
period. This restriction of current flow symmetrical to, 
and largely back and forth along, the magnetic meridian 
is another feature generally found at middle latitude sta- 
tions. The significance of these main features of the di- 
urnal variation at Tucson in relation to the over-alllarge 
scale flow of earth currents and their relationshio to the 
geomagnetic field is discussed in Chapter VI, ‘‘Earth 
Currents,’’ Physics of the Earth, Vol. VIII, Terrestrial 
Magnetism and Electricity. 

Relation to Solar Activity.--Variations in the frequen- 
cy and intensity of disturbances corresponding to varia- 
tions in solar activity have been found in all records of 
earth-current flow. This fact is confirmed by the Tucson 
records but can be demonstrated only by reference to the 
original records. There is also a relationship between 
normal earth-current activity and solar activity quite 
distinct from disturbance effects, as will be noted by ref- 
erence again to Figure 3 and to Tables 1, 3, 4, 7, and 8. 
Taking the range or amplitude of the diurnal-variation 
curves, or the size of the hodogram, as a measure of 
normal earth-current activity and the sunspot number as 
a measure of solar activity, we see in Table 1 that the 
two follow very similar curves of increase and decrease 
during the sunspot cycle. The amount of change in earth- 
current activity which occurs during the sunspot cycle is 
brought out even more strongly by the hodograms in Fig- 
ure 3. The central pair are constructed from the same 
data as the curves in Figure 2, and represent average 
conditions over the entire sunspot cycle. The hodograms 
on either side are those for the year 1932, near the sun- 
spot minimum, and the year 1937,.at about the time of 
sunspot maximum. Here again the results for all days 
(Tables 3, 4) and calm days (Tables 7, 8) are given for 
comparison, but it is evident from Table 1 and Figure 3 
that the same conclusion must be reached whichever set 
of data is used and that the results indicate a real corre- 
lation between normal activity and solar activity quite a- 
part from disturbance effects. 

Considerable particular as well as general correla- 
tion between sunspot numbers and the range of diurnal 
variation in earth currents has been shown in the data 
secured at a number of other stations.* In the case of 
Tucson, a much closer correlation than that given by this 
comparison of yearly means is also indicated, but the unusu- 
aland rather complicated seasonal variation which occurs 
at this station makes it somewhat difficult to evaluate. 

Seasonal Changes.--At most stations where earth cur - 
rents have been investigated, the seasonal changes are 
chiefly changes in intensity, accompanied by only minor 
shifts in phase or in the phase-relationship between the 
two components. Such changes are readily described 
quantitatively. Tucson, however, is located in the so- 
called ‘‘transition belt’’ where the diurnal variations of 
the magnetic elements pass from higher-latitude to equa- 
torial type as the centers of the circulatory current-sys- 
tems in the ionized layers of the upper atmosphere are 
alternately north (summer) and south (winter) of a given 
station. For this reason, the seasonal changes in earth- 
current flow are also much more complex and less read- 
ily described and evaluated. 
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If the Northward component alone is considered, the 
seasonal change is fairly simple except for a marked in- 
crease in amplitude in January. Neglecting this, the sea- 
sonal change consists of a large increase in amplitude 
and a slight advance in the time of maximum flow with 
increasing height of Sun and a corresponding decrease 
and retardation during the winter. The behavior of the 
Eastward component is distinctly different. For this 
component, the changes in amplitude are small and ir- 
regular and the most pronounced feature of the seasonal 
variation is a large shift in phase which amounts prac- 
tically to a reversal in direction from winter to summer. 
Hence to show the seasonal variation adequately, it is 
necessary to construct monthly hodograms to bring out 
the changes in the amplitude- and phase-relationships of 
the two components or to construct harmonic cials which 
indicate the changes in the more prominent harmonics of 
the diurnal-variation curves. 

Such hodograms and dials are shown in Figures 4 and 
5 covering the three year period 1932 to 1934. Hodo- 
grams for the complete period, and for the individual 
years, have been constructed, but those shown here are 
so typical that further illustration is unnecessary. If de- 
sired, hodograms for the full sunspot cycle may be read- 
ily drawn from the data in Tables 5, 6, 9, and 10. The 
results of Fourier analysis covering all the records are 
given in Table 2. From the latter, harmonic dials canbe 
easily made up. 

The center figure in Figure 4 gives the mean for the 
three year period considered. In type it is very like the 
graphs for three of the equinoctial months (April, Sep- 
tember, and October) although the graph for March, about 
which more will be said later, is distinctly different. As 
far as amplitude goes, this mean curve, or the mean 
curve for any year or period of years, may be rather 
misleading. This is due to the fact that, because of the 
phase shifts with season, neither the northward nor the 
eastwarc spread of the figure is nearly so great as the 
mean of the corresponding amplitudes for the indivicual 
months. 

It might be emphasized here that the graphs for the 
individual months do not, like the mean graph, give mere- 
ly a general average obtained from diverse figures, but 
they are distinctly typical and reproduce themselves 
with remarkable closeness from year to year. If, for 
instance, we consider January, which differs from the 
neighboring months chiefly in amplitude, we find that in 
every one of the 11 Januarys the size of the graph is 
greater than the average size of the granhs for the cor- 
responding months of December and February. 

Examining the months of the year in turn, we find a 
very definite change in the type of variation recorded. 
During the four winter months, the hodograph consists of 
two nearly circular clockwise loops, a large one during 
the day and a smaller one at night, with not much differ- 
ence in the amplitudes of the two components. During 
the four summer months, the hodograph is decidedly e- 
longated by reason of a large increase in the amplitude 
of the Northward component and a tendency of the two 
components to remain in phase particularly during the 
midday hours. During June and July, the progress of the 
vector during midday minimum, that is, greatest flow of 
current toward the south, is counterclockwise instead of 
clockwise as during the remainder of the year. The 
graphs for March, April, September, and October are of 
an intermediate character. 


As mentioned before, the records for January and 
March are anomalous, each for a different reason. Jan- 
uary is very conspicuous by reason of an increase in the 
amplitude of both components, while their phase-rela- 
tionship does not change appreciably from its regular 
winter character. During March, on the other hand, the 
Northward component follows its normal trend toward 
increasing amplitude with increasing height of Sun, and 
the peculiarities of the graph are due almost entirely to 
the Eastward component, which becomes vague and ir- 
regular at this time of the year. The significance of 
these anomalous features has been discussed in detail in 
a previous paper? and will be treated briefly later indis- 
cussion of the relationship of earth currents and the var- 
iations in the geomagnetic field. 

The seasonal changes for the three-year period 1932 
to 1934 are shown in a different manner in Figure 5. The 
dials are constructed from the constants for the harmon- 
ic series 2cp(sin nO +¢,) as Cetermined from the mean 
monthly and mean annual ciurnal-variation data for the 
three years. Similar constants for the entire 11-year 
period are shown in Table 2. The dials indicate the sea- 
sonal changes in phase and amplitude of the first four 
harmonics for each component, and all four are found to 
vary in much the Same manner. During the summer 
months, the two components are in close phase agree- 
ment, and the amplitude of the Northward component is 
much the larger. During the winter, the records for the 
Northward component show some retardation in the 
phase-angle and a sharp decrease in amplitude except in 
the case of January. The harmonics for the Eastward 
component show much less change in amplitude but a 
considerably greater retardation in phase. The winter 
peints for the Eastward component will be seen to have 
dropped back in phase with reference to the correspond- 
ing points for the Northward component by something be- 
tween 45° and 90° so that they fall in the next quadrant 
back. The seasonal changes are most readily apparent 
in the large second and third harmonics although the type 
of change is about the same for all four. 

Comparison With Magnetic Recorcés.--The relations 
between earth-current flow and the geomagnetic field are 
discussed in some detail in Chapter VI, ‘‘Earth Currents,” 
Physics of the Earth.! Here it suffices to say that al- 
though a number of attempts have been made to determine 
the exact relationship between the two, no complete and 
consistent theory has as yet been develoned to account for 
all the observed facts. Nevertheless, certain general cor- 
relations have been observed and confirmed. It has been 
found, for instance, that for middle-latitude stations the 
diurnal-variation curve of Northward earth-current po- 
tential gradient bears a strong resemblance to the first 
differences in the ciurnal-variation curve of Y, the east- 
ward component of the horizontal magnetic field. In 
other words, a comparison of N and Y and the similarity. 
of the N curve to the derivative of the Y curve indicates 
a relationship much like that which would exist if the 
earth currents were the effect of the variations in the 
magnetic field. If we compare the Eastward earth-current 
component, E, with X, the northward magnetic force, 
however, the opposite relationship is suggested since, for 
these components, the earth-current curve resembles not 
the derivative of X but the X curve itself inverted. At 
other stations where the seasonal changes consist mostly 
of changes in amplitude, there is not much point in com- 
paring anything but mean annual or other long period 
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values. The unusual seasonal changes at Tucson afford 
an opportunity to check this feature in more detail. 

The general qualitative correspondence described in 
the preceding paragraph is found to exist at Tucson, as 
will be seen in Figure 6, not only in the diurnal-variation 
curve for the whole year but also in those for the months 
of greatest contrast in type, namely, June and December. 
On the left in Figure 6 are the diurnal-variation curves 
for the two components of earth currents, and on the 
right are the two magnetic curves referred to, namely 
those of AY and (-X). It will be noted that the seasonal 
changes in the curves for the Northward earth-current 
component, consisting chiefly of a change in amplitude 
accompanied by a marked shift in the time of morning 
maximum, a smaller shift inthe time of the noon mini- 
mum, and practically no change in the time of the sec- 
ondary maximum toward evening, are duplicated point 
by point in the AY-curves on the right in Figure 6. The 
changes shown in the curves for the Eastward earth- 
current component, on the other hand, are almost en- 
tirely changes in phase, the amplitude in June differing 
but little from that in December, and the same holds for 
the X-curves which are shown inverted to facilitate the 
comparison. 

The magnetic and earth-current data do not repre- 
sent the same time interval, the former being taken from 
the records for the years 1925-1926 and the latter for the 
years 1932-1934. The seasonal changes are so charac- 
teristic and recur so consistently that the non-simultane- 
ity of the records is relatively unimportant. 

Further study of the parallelism in the magnetic and 
earth-current variations, using strictly simultaneous 
data, has been made in examining the two anomalies re- 
ferred to in considering the seasonal changes.? When 
this study was made, concurrent records were available 
for a period of a little over five years, and in Figure 7 
the five-year mean hodograms for the three midwinter 
months show the earth-current variations and the mag- 
netic variations, the latter projected on three perpendic- 
ular planes. Even a casual inspection shows that the Jan- 
uary anomaly is just as pronounced in the magnetic rec- 
ords and that it again consists almost entirely of an in- 
crease in activity without any significant change in the 
phase-relationship between the space-components. Com- 
parison of earth-current and magnetic hodograms for 
two individual winters is shown in Figure 8, 1933-1934, 
and Figure 9, 1934-1935. In the first of these two years, 
the anomaly was pronounced, and the amplitude for Jan- 
uary was over two and one-half times as great as the 
average during the two adjacent months. The following 
winter, 1934-1935, was one of the two in which the anom- 
aly almost disappeared from the earth-current records, 
and it will be seen that the difference in size has prac- 
tically disappeared from the magnetic records. The re- 
sults obtained in the next winter, 1935-1936 (not shown), 
were quite similar to those in 1933-1934. These records 
establish without question the reality of the anomaly. Any 
remote possibility that the results obtained could be at- 
tributed to defects in registration is pretty well ruled out 
by the parallelism in the two sets of records, obtained, 
as they were, completely independently and with such 
radically different instruments as galvanometers and 
magnetic variometers. 

The second departure from regularity in the Tucson 
variations occurs in March. It is less pronounced than 
the winter anomaly and also less definite and consistent 
in its recurrence. As will be seen in Figure 10, which 


shows hodograms for the equinoctial months, the North- 
ward component of earth current shows very little that 
is unusual and follows its normal trend toward increas- 
ing amplitude with increasing height of Sun. The peculi- 
arities of the March hodograms are due almost entirely 
to the Eastward component which seems just to run out 
and to become very erratic. The shape of the hodogram 
is more nearly like those for the midsummer months 
than it is like those for the other equinoctial months 
shown for comparison. The graphs for individual months 
of March are less similar to each other than are those 
for any other month of the year and examination of the 
diurnal variation on individual days rather than individ- 
ual months shows still greater differences even after 
allowing for effects of disturbance and variations with 
solar activity. Some days resemble the other equinoc- 
tial months, some the summer type, and others are only 
like themselves. For this reason, only the mean hodo- 
grams covering the five-year period for which the cor- 
responding magnetic data are available have been shown. 
Here again the parallelism with the magnetic variation 
shown only in horizontal projection is striking. As 
should be expected, Y, like the Northward earth-current 
component, is nearly normal, while X, like the Eastward 
earth-current vector, is reduced almost to the point of 
disappearance. 

Simple and satisfactory explanations of these anom- 
alies do not present themselves. It might, however, be 
pointed out that the winter anomaly might be accounted 
for by the assuming of the existence of a region of un- 
usually high conductivity in the ionosphere so situated 
that the circulatory current system passes into this area 
when it reaches its southernmost position near the time 
of the winter solstice. Similarly, the anomaly in March 
may be due to erratic shifting of the latitude of the cur- 
rent center in the ionosphere to the northward and back 
during that month. 

Variations With Periods Longer Than One Day.3--In 
addition to their use in the detailed examination of the 
solar diurnal variation and its changes from month to 
month and year to year, as summarized in the preceding 
paragraphs, the Tucson records have been used in studies 
of other phases of earth-current flow. One of these stud- 
ies has dealt with variations having periods longer than 
one day and may be discussed briefly. 

Examination of the records for nearly six years, 
May, 1931, to March, 1936, shows that the daily mean 
values as well as the diurnal variation recorded on char- 
acteristically disturbed and calm days differ consistently 
by a small amount. This suggests that a part of the cur- 
rent flowing during disturbances or magnetic storms is 
unidirectional for the day or longer and is the first defi- 
nite evidence of a component in earth-current flow with 
a period longer than one day. The magnitude of the effect 
is small, not more than a few per cent of the range of 
diurnal variation, and components of this long period 
would seem to be of relatively minor importance inearth- 
current studies. 

Lunar Diurnal Variations.--Lunar diurnal variation 
(L) is important because of its bearing on the critical 
appraisal of the several theories advanced to account for 
magnetic variations and earth-current flow. Preliminary 
evaluation of the lunar diurnal variation at Tucson has 
been carried out§ by both the method of Chapman”) and 
that of Egedal.2 The records used were those for a sin- 
gle year, 1932, and a definite lunar diurnal variation of 
markedly double period was found. Its magnitude is 
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about one-fifth that of the solar diurnal variation. 

cause of the large and complex seasonal changes at 
Tucson, it was found that a single year’s record was not 
enough to demonstrate accurately the changes in L with 
the phase of the Moon. However, by Egedal’s method, it 


Be- 


was possible to show that the diurnal variation deter - 
mined for daylight hours alone differs but slightly from 
that determined for periods of darkness. This finding is 
in agreement with the results obtained by Egedal9 for 
Ebro and other middle-latitude stations. 
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FIGURES 1-10 


Figure 
1. Simple galvanometer circuit for earth-current observations 
2. Diurnal variation in earth-current potential gradient 
3. Mean hodographs of diurnal variation in earth-current potential gradient 
4. Seasonal change in earth-current diurnal variation Rone 
5. Seasonal change in phase and amplitude, principal harmonics of diurnal-variation 
curve, earth-current potential gradient 
6. Calm day diurnal variation in June and December, showing parallel changes in 
earth-current potential gradient and magnetic horizontal intensity 
7. Hodograms showing winter anomaly in diurnal variation A 
8. Hodograms showing pronounced winter anomaly (1933-1934) in diurnal variation 
9. Hodograms showing absence of winter anomaly (1934-1935) in diurnal variation 
10. Hodograms showing March anomaly in diurnal variation caren tore Meu alc tious 
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Fig. 2. Diurnal variation in earth-current potential gradient for all days and for 10 
calmest days in each month at Tucson; means for 11-year period, 1932 to 1942 
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Fig. 3. Mean hodographs of diurnal variation in earth-current potential gradient for all days and 
for 10 calmest days in each month at Tucson, for years 1932 and 1937, and for 11-year period, 
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Fig. 4. Seasonal change in earth-current diurnal variation at Tucson Magnetic Observatory, 10 calm days 
per month for three-year period, 1932 to 1934 
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Fig. 5. Seasonal change in phase and amplitude, principal harmonics of diurnal-variation curve, earth- 
current potential gradient at Tucson Magnetic Observatory -- mean values shown for three year period, 
1932 to 1934, 10 calm days per month--0° corresponds to midnight 105° west meridian mean hours 
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Fig. 6. Calm day diurnal variation in June ana December at Tucson Magnetic Observatory, showing parallel 
.changes in earth-current potential gradient and magnetic horizontal intensity 
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Fig. 7. Hodograms showing winter anomaly in diurnal variation at Tucson Magnetic Observatory, 5-year 
mean values for December, January, and February, in the period December, 1931, to February, 1936 
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Fig. 8. Hodograms showing pronounced winter anomaly (1933-1934) in diurnal variation at Tucson Magnetic 
Observatory 
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Fig. 9. Hodograms showing absence of winter anomaly (1934-1935) in diurnal variation at Tucson Magnetic 
Observatory 


15 


OCTOBER 


SCALE OF MV/KM 
MARCH AND AVERAGE / 2 3 


OF OTHER THR SEPTEMBER 
PeuiNCE IEE ouTee (TIMES ARE 105° WEST MERIDIAN HOUR: 


EARTH-CURRENT POTENTIAL-GRADIENT 


SEPTEMBER 


MARCH AND AVERAGE 
OF OTHER THREE 
EQUINOCTIAL MONTHS 


6.5 


OCTOBER 


MAGNETIC X-Y¥ SCALE OF GAMMAS 
/0 20 30 


Fig. 10. Hodograms showing March anomaly in diurnal variation at Tucson Magnetic Observatory, 5-year 
mean values, March, April, September, and October, 1932 to 1936 
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Table 1. Annual means in sunspot number and in range of earth-current potential gradient 
at Tucson Magnetic Observatory, 1932-1942 
(Potential gradient in hundredths of millivolts) 


Sunspot 
Year All days Ten calm days 


N E N E 
1932 11.1 410 161 419 136 
1933 5.7 444 168 492 209 
1934 8.7 464 187 515 227 
1935 36.1 466 181 508 211 
1936 79.7 633 218 645 216 
1937 114.4 682 284 733 355 
1938 109.6 678 266 697 281 
1939 88.8 617 254 638 268 
1940 67.8 468 238 547 245 
1941 47.5 492 211 550 241 
1942 30.6 462 206 487 197 
Mean 54.5 532 201 566 231 


Table 2. Fourier analysis of monthly means of diurnal variations of earth-current gradients 
at Tucson Magnetic Observatory, for 10 calmest days in each month, 1932-1942 
Northward component 


Amplitudes 


mv/km mv/km mv/km =  mv/km = fi 
Jan 0.13 1.32 1.04 0.64 43 217 37 236 
Feb 0.34 1.04 0.63 0.35 93 235 62 254 
Mar 0.65 1.38 0.87 0.38 13 251 88 301 
Apr 1.02 1.73 1.02 0.49 64 260 98 350 
May 0.98 1.65 1.06 0.45 14 274 106 352 
Jun 0.95 1.74 1.32 0.40 19 280 109 321 
Jul 1.11 2.08 1.44 0.38 718 270 105 316 
Aug 1.23 2.12 1.66 0.66 71 274 117 332 
Sep 0.96 1.64 1.34 0.68 63 271 116 326 
Oct 0.59 1.27 1.05 0.65 67 261 89 327 
Nov 0.32 1.09 0.60 0.37 15 245 83 294 
Dec 0.08 0.98 0.73 0.42 50 226 42 244 
Ann 0.64 1.37 0.89 0.34 68 258 96 311 


Eastward component 


Amplitudes 


mv/km mv/km mv/km = mv/km a = ¢ 
Jan 0.50 1.23 0.94 0.58 332 174 347 174 
Feb 0.20 0.58 0.27 0.21 282 184 343 181 
Mar 0.12 0.60 0.19 0.13 297 225 90 12 
Apr 0.34 0.79 0.41 0.22 354 228 64 343 
May 0.11 0.73 0.55 0.33 300 267 101 314 
Jun 0.09 0.79 0.69 0.34 134 286 109 310 
Jul 0.09 0.91 0.86 0.35 72 277 98 301 
Aug 0.38 0.93 0.89 0.45 20 253 106 301 
Sep 0.54 1.00 0.64 0.50 10 232 90 315 
Oct 0.34 0.81 0.49 0.32 347 221 95 316 
Nov 0.28 0.77 0.24 0.11 336 187 23 244 
Dec 0.33 0.82 0.54 0.24 325 161 330 161 
Ann 0.23 0.64 0.37 0.15 348 224 714 294 
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